U nderstanding cardiomyocyte cell cycle regulation after birth is key to optimizing regenerative strategies for the heart post injury, yet poses multiple technical challenges, as evidenced by recent studies that have arrived at divergent conclusions. In a recent publication in Cell, Alkass et al undertook multiple approaches to examine cardiomyocyte cell cycle regulation in the first 3 weeks after birth. Here, we summarize results of Alkass et al and 3 other groups in examining preadolescent cardiomyocyte cell cycle regulation, highlighting the distinct approaches and incumbent caveats.
U nderstanding cardiomyocyte cell cycle regulation after birth is key to optimizing regenerative strategies for the heart post injury, yet poses multiple technical challenges, as evidenced by recent studies that have arrived at divergent conclusions. In a recent publication in Cell, Alkass et al undertook multiple approaches to examine cardiomyocyte cell cycle regulation in the first 3 weeks after birth. Here, we summarize results of Alkass et al and 3 other groups in examining preadolescent cardiomyocyte cell cycle regulation, highlighting the distinct approaches and incumbent caveats.
Understanding cardiomyocyte cell cycle activity during the perinatal and preadolescent period is extremely challenging and is a subject of intense debate. From a classical viewpoint, throughout embryonic development, cardiomyocytes progressively lose their ability to divide and proliferate. After the period between postnatal day 5 (P5) and 10 (P10), the second and final wave of nonreplicative DNA synthesis ends with binucleation of existing cardiomyocytes. 1 Recently, Naqvi et al proposed that cardiomyocytes undergo an additional burst of synchronized proliferation on postnatal day 15 (P15) that results in a 40% increase in the number of cardiomyocytes. 2 However, in a recent study, Alkass et al observed that an increase in cardiomyocyte number after birth is largely restricted to the first postnatal week, with no significant increase in number after postnatal day 11.
3 Consistent with Alkass et al, 2 other groups were not able to substantiate a proliferative burst of cardiomyocytes during preadolescence between the second and third postnatal weeks. 4, 5 Interestingly, Alkass et al observed a peak of polyploidization of binucleated cardiomyocytes between the second and third postnatal weeks, introducing further complexity to the model of cardiomyocyte cell cycle behavior.
Defining the number, proliferation, multinucleation, and ploidy of postnatal cardiomyocytes is technically challenging owing to the complex cellular architecture of the heart and to the lack of reliable cardiomyocyte-specific nuclear markers. 6 Cardiomyocytes are surrounded by multiple smaller cell types, such as fibroblasts, endothelial cells, smooth muscle cells, pericytes, and tissue-resident immune cells, which each has distinct proliferative potentials in both physiological growth and pathological conditions. The key to overcoming these technical challenges depends on the tools and approaches used to identify cardiomyocytes, to quantify their numbers, and to measure their cell cycle activity. As shown in the accompanying Figure, recently, several distinct approaches have been undertaken to examine cell cycle behaviors of postnatal cardiomyocytes, resulting in somewhat different conclusions.
Total Number of Cardiomyocytes
To assess the total number of cardiomyocytes in left ventricle from P2 to P100, Alkass et al used design-based stereology. Tissue segments were isolated from left ventricle, made into spherical isectors, and used to generate thick frozen sections. Myocardial nuclei and cells were labeled by immunostaining for pericentriolar material 1 (PCM-1), connexin43, and dystrophin and counted to deduce myocardial cell density. The total number of cardiomyocytes was calculated by multiplying the myocardial cell density within the sample by the estimated volume of the entire left ventricle, calculated from actual left ventricular weight. With this approach, Alkass et al concluded that the number of left ventricular cardiomyocytes increases 40% from P2 (1.7×10 6 ±0.2×10 6 ) to P5 (2.3×10 6 ±0.2×10 6 ), but that the number of left ventricular cardiomyocytes does not increase during preadolescence from P14 to P18.
With this method, actual myocardial cell numbers could be different if there are regional differences in myocardial cell density within the left ventricle. In addition, as PCM-1 is a centrosomal matrix protein expressed in multiple cell types, it is not clear how specifically PCM-1 marks cardiomyocyte nuclei, although 2 groups have previously used PCM-1 as a cardiomyocyte-specific marker. 7, 8 On the other hand, Naqvi et al performed enzymatic dissociation of both ventricles and calculated the total cardiomyocyte number by direct cell counting of small sample aliquots with a hemocytometer, defining cardiomyocytes by their morphology. In this manner, Naqvi et al found a similar 40% increase in the number of cardiomyocytes in the early perinatal period (P1 to P4), although the number of cardiomyocytes summed for both ventricles was ≈2-fold lower than the number of cardiomyocytes calculated by Alkass et al for left ventricle alone. However, in contrast to Alkass et al, Naqvi et al found an additional 40% increase in cardiomyocyte numbers
Figure. An illustration of methods undertaken by 4 independent groups to examine cell cycle activity of cardiomyocytes during preadolescence, and a summary of their results. αMHC-nLacZ indicates α-myosin heavy chain-nuclear β-galactosidase gene; BrdU, 5-bromom-2'deoxyuridine; CM, cardiomyocyte; Cx43, connexin43; DMD, dystrophin; EdU, 5-ethynyl-2'deoxyuridine; EGFP, enhanced green fluorescent protein; FACS, fluorescence activated cell sorting; IHC, immunohistochemistry; MIMS, multi-isotope mass spectrometry; PCM-1, pericentriolar material 1; and TnT, toponin T .
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March 18, 2016 during preadolescence (P14 to P18). As indicated by Alkass et al, a potential issue with this approach is that the efficiency of dissociation can be variable.
Cardiomyocyte Cell Cycle Activity
One of the key issues in determining cardiomyocyte cell cycle activity is unequivocal identification of cardiomyocytes. 5-Bromo-2'-deoxyuridine (BrdU), 5-ethynyl-2'deoxyuridie (EdU), antigen Ki67 (Ki67), and phosphorylated Histone 3 are intranuclear markers generally used to label cells undergoing proliferation or DNA synthesis. Optimally, these markers should be analyzed in conjunction with a marker of cardiomyocyte nuclei. 6 To investigate a potential burst of cardiomyocyte cell cycle activity in preadolescence, Alkass et al used an anti-PCM-1 antibody to label cardiomyocyte nuclei for immunohistochemistry or flow cytometry. However, as PCM-1 disassembles in prometaphase, this method might lead to an underestimation of the actual number of cardiomyocytes. However, this possibility was taken into consideration by Alkass et al, who addressed this issue by coimmunostaining for Troponin I.
Recent studies by other groups investigating cell cycle behavior in postnatal cardiomyocytes used distinct nuclear markers for cardiomyocytes. Soonpaa et al used an anti-Nkx2-5 antibody or an αMHC-nLacZ (α-myosin heavy chain-nuclear β-galactosidase gene) reporter mouse. 5 Hirai et al generated and used a CyclinA2-LacZ-enhanced green fluorescent protein (EGFP) reporter mouse. In this reporter, a CyclinA2-lacZ fusion reporter is expressed under control of the CyclinA2 locus within bacterial artificial chromosome sequences and, upon Troponin T-Cre-mediated excision, is converted to a CyclinA2-EGFP fusion reporter, expressed under the control of the CyclinA2 locus only in cycling cardiomyocytes. 4 In contrast to the nuclear markers mentioned earlier, the original report suggesting a preadolescent burst of cardiomyocyte proliferation largely relied on immunostaining for α-sarcomeric actin to identify cardiomycytes in tissue sections. 2 Although this marker has been used broadly to identify cardiomyocytes, it is challenging to unequivocally determine whether a nucleus belongs to an α-sarcomeric actin-positive cardiomyocyte or to closely juxtaposed noncardiomyocytes.
Alkass et al used 3 distinct assays to determine cardiomyocyte cell cycle activity and did not observe a burst of cardiomyocyte proliferation during preadolescence with any of their approaches. The first approach was section immunostaining with antibodies to Ki67 in conjunction with antibodies to PCM-1 to mark cardiomyocyte nuclei. Results demonstrated that <2% of cardiomyocytes were positive for Ki67 from P14 through P16. In agreement with this, Soonpaa et al reported that <1% of cardiomyocytes were Ki67-positive from P12 through P16. In contrast, Naqvi et al used antibodies to Aurora B kinase and found that 14% of cardiomyocytes were Aurora B-positive at P15. Because Ki67 is expressed from G1 to anaphase, in theory, Ki67 should label a broader range of cell cycle activity than Aurora B, which is expressed from G2 to M.
As a second approach, Alkass et al applied thymidine analogs Edu/BrdU and quantified Edu/BrdU-positive cardiomyocytes using section immunostaining or flow cytometry of nuclei isolated from left ventricular tissue. After 2 days of sequential intraperitoneal injections of EdU, <1% of cardiomyocyte nuclei were EdU-positive on P15. Consistent with this result, <3% of cardiomyocyte nuclei were BrdU-positive after 5 days of continuous administration of BrdU via subcutaneously implanted pellets (P13-P18). These results are in agreement with findings reported by Soonpaa et al, who undertook a similar approach (see Figure) . The original report by Navqi et al found evidence for a proliferative burst of cardiomyocytes after a single intraperitoneal injection of BrdU the evening of P14, followed by flow cytometry of BrdU + /cardiac troponin T (cTnT) + nuclei on P18, finding that 11% of cardiomyocyte nuclei were positive for BrdU. The presence of cTnT, a sarcomeric protein, in nuclei is somewhat puzzling, although Bergmann et al have previously used cTnT as a marker of cardiomyocyte nuclei. 9 To exclude the possibility of toxic or anti-proliferative effects of BrdU/EdU, Alkass et al undertook a third approach, using multi-isotope mass spectrometry analysis of 15 N-thymidine incorporation in conjunction with 14 Using a CyclinA2-EGFP fusion reporter mouse, Hirai et al also did not observe an appreciable increase in cell cycle activity of cardiomyocytes between P14 and P16, but rather a steady decrease in cell cycle activity during this period. At P12, 0.7% of cardiomyocytes were CyclinA2-EGFP-positive, similar to the percentage of Ki-67-positive cardiomyocytes (0.8%) reported by Soonpaa et al at this stage. However, the percentage of Cyclin A2-EGFP-positive cardiomyocytes detected between P14 and P16 was ≈0.02%, significantly lower than the percentages of Ki67-positive cardiomyocytes observed by Alkass et al and Soonpaa et al. This discrepancy may result from several factors. CyclinA2-EGFP is expressed from late G1 to prometaphase, not throughout the cell cycle like Ki67, so a potential increase in the length of the cardiomyocyte cell cycle might affect distinct readouts. Additionally, Hirai et al used a cocktail of antibodies to mark all nonmyocyte cell types in the heart to negatively define cardiomyocytes. If some nonmyocyte cell types were not labeled with this cocktail, the total number of cardiomyocyte nuclei may have been overestimated. As Alkass et al also describe an increase in ploidy following P13 (see below), it is possible that Ki67, but not Cyclin A2, is expressed during polyploidization of myocardial nuclei.
Cardiomyocyte Ploidy
Polyploidization occurs in both human and mouse cardiomyocytes during maturation of cardiomyocytes. In humans, ≈60% of cardiomyocyte nuclei are polyploidy, whereas in mice, the majority of cardiomyocyte nuclei are diploid, with ≈10% being polyploid.
10-12 Alkass et al investigated DNA synthesis in preadolescent mouse heart and found that the 1% to 3% of by guest on July 14, 2017 http://circres.ahajournals.org/ Downloaded from cardiomyocytes that are actively engaged in cell cycle activity following P13 are undergoing polyploidization rather than proliferation or multinucleation. They determined a 10% increase in nuclear DNA content during the second and third week after birth using flow cytometry in conjunction with staining for PCM-1 as a marker for cardiomyocyte nuclei. Furthermore, selective gating of Edu + /PCM-1 + or BrdU + /PCM-1 + nuclei revealed a significant increase in the number of tetraploid nuclei not only with maturation but also when compared with BrdU + /PCM-1 -nuclei. In contrast to these results, Naqvi et al reported a relative decrease in the percentage of tetraploid nuclei between P10 and P14. The discrepancy between these 2 studies may result from the distinct methods used for sample preparation. Naqvi et al assessed DNA content of nuclei from a cardiomyocyte-enriched population obtained by differential gravitational sedimentation, whereas Alkass et al used nuclear preparations from left ventricle. It is possible that Naqvi et al unintentionally excluded a specific subset of cardiomyocytes during this process. Notably, the increase in and the extent of ploidy occurring during preadolescence as described by Alkass et al are in close agreement with previous results of Brodsky et al using cytophotometry of Feulgen-stained DNA in 14 C-thymidine-labeled nuclei.
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The foregoing discussion serves to emphasize the challenges in determining cardiomyocyte cell cycle behavior in postnatal heart. To investigate cell cycle activity, each group used distinct combinations of, and distinct methods of using, cell cycle indicators, including BrdU, EdU, 15 N-thymidine, Ki-67, Aurora B, and Cyclin A2, each having distinct characteristics and limitations. There was also diversity in methods used to identify or isolate cardiomyocytes. Calculating percentages of cardiomyocytes relies on accurate methods of quantifying total cardiomyocyte number, performed either by analyses of sections or isolated cells, each of which has methodological limitations. Mouse strain background might also be considered as contributing to distinct results; however, the C57BL/6J strain used by Naqvi et al was also examined by Soonpaa et al, and Alkass et al used the C57BL/6 N strain. C57BL/6J and C57BL/6 N are both substrains of C57BL/6.
Overall, it seems that the weight of evidence currently would argue against a proliferative burst of cardiomyocytes in the second postnatal week (Figure) . However, intriguingly, the work of Alkass et al and previous results from Brodsky et al suggest that the observed low level of cell cycle activity during this period may reflect increased ploidy of cardiomyocytes. This observation introduces further complexity to the dynamics of cardiomyocyte cell cycle activity. This process still remains little understood and requires further investigation. Furthermore, cardiomyocytes undergo DNA synthesis, leading to polyploidy also during aging or in pathological settings, 1, 13 highlighting the importance of better understanding the role and mechanisms underlying this phenomenon. Why and how does the increase in ploidy occur? Polyploidy is often associated with larger cell size and may be required to fulfill metabolic and functional demands.
14 What are the cell cycle mechanisms used, endocycling, or endomitosis that result in cardiomyocyte ploidy? Is differential DNA replication occurring, or are all DNA segments replicated equally? How is this polyploidy related to multinucleation? What is the biological function of this process, and how does it relate to withdrawal of cardiomyocytes from a canonical mitotic cell cycle? One of the challenges in regenerating diseased or damaged heart tissue is to replace lost cardiomyocytes, one potential avenue including the prompting of adult cardiomyocytes to proliferate. Cell-based therapies to replace cardiomyocytes will also rely on the ability to promote the development and maturation of exogenous sources of cardiomyocytes. Additionally, human models of heart disease will require the ability to produce mature cardiomyocytes in a dish. For all these reasons, it is important for us to have a clear understanding of the regulation of cardiomyocyte cell cycle activity throughout development and during maturation to the adult cardiomyocye phenotype, despite considerable technical hurdles presented.
